For studies of how flying animals control their flight, seabirds are of particular interest to track with a biologger because they forage offshore where the visual environment can be simply modeled by a flat world textured by waves. This study suggests that optic flow can explain gull's altitude control over seas. In particular, a new flight model that includes both energy and optical invariants (called the ventral optic flow regulation) explain the dynamics of gulls' altitude control during offshore takeoff and cruising flight. A linear statistical model applied to 352 flights from 16 individual lesser black backed gulls (Larus fuscus) gave a strong correlation between wind assistance and gulls' altitude. Thereafter, an optic flow-based flight model was applied to 18 offshore takeoff flights from 9 individual gulls. By introducing an upper limit in climb rate in a non-linear first order parametric model on the gull's elevation dynamics, coupled with an optic-flow set-point, the predicted altitude gives an optimized fit factor value of 63% on average (min value: 30%, max value: 83%) with respect to GPS data. We conclude that the optic-flow regulation principle (here running close to 25
For studies of how flying animals control their flight, seabirds are of particular interest to track with a biologger because they forage offshore where the visual environment can be simply modeled by a flat world textured by waves. This study suggests that optic flow can explain gull's altitude control over seas. In particular, a new flight model that includes both energy and optical invariants (called the ventral optic flow regulation) explain the dynamics of gulls' altitude control during offshore takeoff and cruising flight. A linear statistical model applied to 352 flights from 16 individual lesser black backed gulls (Larus fuscus) gave a strong correlation between wind assistance and gulls' altitude. Thereafter, an optic flow-based flight model was applied to 18 offshore takeoff flights from 9 individual gulls. By introducing an upper limit in climb rate in a non-linear first order parametric model on the gull's elevation dynamics, coupled with an optic-flow set-point, the predicted altitude gives an optimized fit factor value of 63% on average (min value: 30%, max value: 83%) with respect to GPS data. We conclude that the optic-flow regulation principle (here running close to 25
• /s) allows gulls to adjust their altitude over sea without having to directly measure their current altitude. 
37
In this study, we address the question of how seabirds control their altitude during offshore 38 takeoffs and cruise flights with respect to wind. Here, two working hypotheses were compared 39 about altitude control:
40
• a first hypothesis based on a direct measurement and regulation of optic flow that adjusts 41 the altitude, and,
42
• a second hypothesis based on a direct measurement of the barometric pressure that 43 directly regulates the altitude itself.
44
To test these alternative hypotheses, a statistical analysis of 352 flights comprising 16
45
individual lesser black-backed gulls (Larus fuscus) in various wind conditions were conducted.
46
Then, 18 offshore takeoffs followed by a cruise flight were analyzed by taking into account 47 morphological parameters from 9 individual gulls. 
The basis for deriving predictions about bird flight is the so-called flight mechanical theory, 57 which combines the relationship between power output P and airspeed V air in flapping flight as 58 follows:
Indeed, a gull's homing flight is similar to a migratory flight, in that it is assumed that the flight's objective is principally for transportation, as opposed to outbound foraging flights 65 when the bird is likely also searching for food. Seabirds' homing flight over the sea is therefore 
with h the altitude, θ the elevation angle and φ the azimuth angle.
82
The magnitude of the ventral optic flow field is plotted in Fig. 1a with the projection of its (through the bird dynamics) to be proportional to the bird's ground speed Vg (Fig. 1b) as :
where ωsp is the ventral optic flow set-point. Besides, the wind profile power-law is often used 95 to estimate the horizontal wind speed [31] as follows:
with the parameter α is the power-law exponent (that is usually specified as a function of 
To find the bird's steady-state flight height h reached during a takeoff as function of the wind 101 profile, it requires to solve the equation f (h) = 0 with the function f defined as follows:
In the variation table of the function f (Tab. S1), we observe that only one unique altitude h exists, enabling f (h) = 0 during an offshore takeoff manoeuvre. We can therefore conclude that In this section, 18 takeoffs are treated as independent observations despite these being recorded 160 on 9 individual birds. Indeed, the weather, the wind, the state of the sea, the moment, and the 161 fishing area were uncontrolled and different from one flight to another (Fig. 2b ).
(a) Parametric model estimation 163
The linear parametric models about each gull's elevation dynamics were estimated with the with n = 221). Our simulated model has been adjusted with the flight muscle ratio in order to get 181 the best fit factor, then adjusting the maximum climbing speed in the elevation dynamics model.
182
For our group of 9 individual lesser black-backed gulls, we obtained the best fit factor with a 197
An explicit solution of equation (5.2) can be written, if we consider a step response at a given 198 positive amplitude V g0 value, as follows:
For each gull trajectory, we consider only one takeoff followed by a cruise flight, and then
200
we perform a first order system identification described by the differential equation (5.2). In this Here, the bird's elevation dynamics is represented in Fig. 5b , which includes both the first order 211 upward dynamics (5.4) and the maximum climbing speed Vzmax (5.1).
An explicit solution of equation (5.4) can be written, if we consider a step response at a given 213 altitude hsp value, as follows:
The "target flight altitude", also called the altitude set-point is denoted hsp, which is computed (Fig. 6) . Consequently, both curves reach a steady state close to a value of 226 one (Fig. 6) . S3-S19). We observe that in each case the fit factor was higher with an optic flow-based control 239 model (blue dots in Fig. 7b rather than a direct altitude control model (red dots in Fig. 7b ).
240
The set of normalized predicted altitudes (n = 18) computed with an altitude control model 241 (Fig. 5b) is shown in Fig. 8a , and with an optic flow-based control model (Fig. 5b) (Fig. 5a ) better explains the gulls' GPS tracking data than the direct altitude control model 262 (Fig. 5b) . (Fig. 9a) . Conversely, any increase in tailwind will lead to an increase in bird altitude 277 (Fig. 9c) . A bird can adjust its ground speed by adjusting its airspeed or its heading relative 278 to ground (and wind), thus allowing it to minimize its cost of transport in flight. The altitude 279 control system based on optic flow is therefore consistent with previous observations on speed 280 adjustment with respect to winds in migrating birds [2] .
281
The small Hellman exponent α over relatively smooth surfaces, such as the sea, means that 282 wind speed increases more rapidly than over a rough surface (e.g. a forest). Thus at higher can also use these features to gain a higher climb rate at the start of a take-off maneuver, taking Overall, the wave pattern will reduce the adjustment of altitude if a fixed optic flow set-point using an altitude control model (Fig. 5b) , which is computed by current predicted altitude average predicted altitude (by removing the first 100 seconds) ratio h mean(h(100s:end))
. (b) Normalized predicted altitude using an optic flow-based control model (Fig. 5a ), which is computed by current predicted altitude average predicted altitude (by removing the first 100 seconds) ratio honeybees by comparing their minimum power speed.
395
In honeybees, average maximal flight height is about 2.5 m over natural terrain [16, 28] 
